
3214 

well) for 10 min, then stained with a solution of 0.1% crystal violet 
(250 pL/weU) for 20 min. The medium was decanted, and the 
Plates Were gently with Water and air-dried. The cells Were 
counted under an inverted phase-contrast microscope. The 
surviving fractions were calculated, dose-response curves con- 
structed, and the ICm values (the drug concentrations that in- 
hibited colony formation by 50%) determined. Each value rep- 
resents the average of duplicate determinations. 
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Nitroaniline mustards have potential as hypoxia-selective cytotoxic agenta, with reductive metabolism activating 
the nitrogen mustard by converting the electron-withdrawing nitro group to an electron-donating hydroxylamine 
or amine. However, the parent compounds have poor aqueous solubility, and their potencies are limited by low 
reduction potentials (E1 ca. 400 mV versus the normal hydrogen electrode) and corresponding slow rates of nitro 
reduction. To address &e limitations, a series of Cnitroaniline mustards bearing hydrophilic side chains attached 
via an electron-withdrawing carboxamide group was prepared and evaluated for hypoxia-selective cytotoxicity againat 
Chinese hamster cell lines. The N-[ (N,N-dimethylamino)ethyl]carboxamide derivatives proved to have excellent 
aqueous solubility and improved cytotoxic potency, but their reduction potentials, while higher than the non- 
carboxamide compounds, were sti l l  low and little selectivity for hypoxic cells were observed. A series of carboxamides 
of 2,4-dinitroaniline mustard was also prepared. These compounds had reduction potentials in the desired range 
(Ell2 ca. -450 mV by cyclic voltammetry) and were more toxic to hypoxic than aerobic UV4 cells. The most selective 
compounds were 5-[N,N-bis(2-chloroethyl)amino]-2,4-dinitrobenzamide (20, SN 23862) and ita water-soluble N- 
[ (N,N-dimethylamino)ethyl]carboxamide analogue. These showed selectivities of 60- to 70-fold for hypoxic UV4 
cella. The selectivity of 20 was much superior to that of ita aziridme analogue (23, CB 1954), which was only 3.6-fold 
more toxic to hypoxic than oxic cells in the same system. Compound 20 is a much less efficient substrate than CB 
1954 for the major aerobic nitroreductase from rat Walker tumor cells, NAD(P)H:quinone oxidoreductase (DT 
diaphorase). Lack of aerobic bioactivation of 20 by DT diaphorases may be responsible for its higher hypoxic selectivity 
than that of 23. 

Solid tumors contain a proportion of cells which are 
either transiently or chronically hypoxic.'V2 Because of 
their low proliferative activity3 and inaccessibility to 
blood-borne these cells represent a potential 
clinical problem in the chemotherapy of solid tumors. At 
the same time, the hypoxic microenvironment offers an 
attractive target, since nearly all normal tissues are well- 
perfused, and drugs activated only in hypoxic regions 
(hypoxia-selective cytotoxins, HSCs) may be truly specific 
for solid tumors. 

The nitro aromatics most thoroughly-studied as HSCs 
are 2-nitroimidazoles, such as misonidazole (11, which 
undergo metabolic one-electron reduction of the nitro 
group to the radical anion. In well-oxygenated cells this 
transformation is efficiently reversed by oxygen, but in 
hypoxic cells the radical anion is reduced further to form 
reactive, cytotoxic While showing significant 
hypoxic selectivity, these compounds are not very potent, 
and it has proven difficult to achieve sufficiently high 
concentrations in tumors to show therapeutic benefit in 
vivo, except with 2-nitroimidazoles carrying additional 
DNA-reactive alkylating functionality.'~ While wesJO and 
others" have shown that DNA-affdc nitro aromatics (e.g., 
nitracrine, 2) show greatJy-increased potency as HSCs, the 
high DNA binding a f f ~ t y  of such compounds appears to 
hinder their extravascular diffusion.4J2 

+ Section of Oncology, Department of Pathology. 

I 
CH2CH(OH)CH20Me 2 : n = 3  

1 2 6 : n = 4  

As an alternative approach to the design of nitro aro- 
matics as potent HSCs, we have discussed in detaiP the 

(1) Urtaaun, R. C.; Chapman, J. D.; Raleigh, J. A.; Franko, A. J.; 
Koch, C. J. Binding of SI-misonidazole to d i d  human tumors 
as a measure of tumor hypoxia. Znt. J. Radiat. Oncol. Biol. 

(2) Dische, S. Hypoxic cell sensitisers: clinical developments. Znt. 
J. Radiat. Oncol. Biol. Phys. 1989, 16, 1057-1060. 

(3) Tannock, I. F. The relationship between cell proliferation and 
the vascular system in a transplanted mouse mammary tum- 
our. Br. J. Cancer 1968,22,258-272. 

(4) Durand, R. E. Distribution of and activity of antineoplastic 
drugs in a tumor model. J. Natl. Cancer Zmt. 1989, 81, 

(5) Jain, R. K. Delivery of novel therapeutic agenta in tumors: 
physiological barriers and strategies. J. Natl. Cancer Znst. 
1989,81,570-576. 

(6) Rauth, A. M. Pharmacology and toxicology of sensitizers: 
mechanism studies. Znt. J. Radiat. Oncol. Biol. Phys. 1984,10, 

(7) Adams, G. E.; Stratford, I. J. Hypoxia-mediated nitro- 
heterocyclic drugs in the radio- and chemotherapy of cancer. 
Biochem. Pharmacol. 1986,35, 71-76. 
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design of a novel class of compounds, nitroaniline N- 
mustards, where 4- or 6-electron reduction of the nitro 
group triggers increased electron release to the nitrogen 
of the mustard moiety, greatly increasing its reactivity. We 
have reportsd14 the in vitro cytotoxicity of a series of 
substituted aniline mustards, in which biological half-livea 
and aerobic cytotoxicities were dominated (as expected) 
by the electronic properties of the substituenta. N,N- 
Bis(2-chloroethyl)-4-nitroaniline (4) was 1800-fold less 
cytotoxic than its potential reduction product, the 4amino 
compound. Differential reduction of the nitro group of 4 
in hypoxic cells was implied by the demonstration of hy- 
poxia-selective cytotoxicity by this compound, although 
the observed selectivity was trivial (1.6-fold) in comparison 
with the large differential cytotoxicity between the nitro 
and amino compounds noted above. 

The inefficient hypoxic bioactivation of 4 was attrib- 
utedI4 to ita low reduction potential (E, = ca. -620 mV 
vs the normal hydrogen electrode, NHh). The limited 
aqueous solubility of the nitroaniline mustards also made 
testing difficult. Nevertheless, the resulta constituted the 
first experimental evidence for s ~ g g e a t i o n s ~ ~ J ~ J ~  that use 
of cellular nitroreduction to activate a nitrogen mustard 
could provide alkylating agents with hypoxia-selective 
cytotoxicity. To improve on these modest resulta, it wil l  
be necessary to increase both aqueous solubility and the 
rate of nitro reduction. A small series of nitroaniline 
mustards related to chlorambucil provided enhanced 
solubility but had very low reduction potentials and did 
not provide useful hypoxic ~e1ectivity.l~ In the present 
paper we address the requirements for higher solubility 
and rates of reduction through the synthesis and evaluation 
of a number of substituted mono- and dinitroaniline 
mustards bearing water-solubilizing side chains attached 
to the benzene ring via an electron-withdrawing carbox- 
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Scheme 10 

CONR COOH 
CI 

27 

CI 
28a : R = -(CH2)20(CH2)r 

2 8 c : R = H 2  
28b : R = H(CH,),NMe, 

28e,b 

NO2 I lii 
N(CH,CH,X), 

compounds 7-10 
of Table 1 

28c 

298 : X = OH 
29b :X=CI  

- \  318, b -L 6”””” 
compounds 11-14 

of Table 1 

318 ; R = -(CH2)20(CH2)2- 
31b : R = H(CH2)2NMe2 30 
31C ; R = H2 

NO, iv 

’ (i) SOClz or 1,l’-carbonyldiimidazole; RNHz or %NH; (ii) di- 
ethanolamine/4 SOC12/1,2-dichloroethane; (iii) diethanolamine/ 
4 (iv) SOClZ/1,2-dichloroethane. 

Scheme 11’ 

a (i) fuming HNO,/concentrated HzSO,; (ii) SOClz or 1,l’- 
carbonyldiimidazole; RNHz or RzNH; (iii) diethanolamine/ A; 
SOClZ/1,2-dichloroethane. 

amide group. 
Chemistry 

Preparations of the simple nitroaniline compounds (3 
and 4) of Table I have been reported.14 Synthesis of the 
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Table I. Physicochemical and Biological Properties of Mononitroaniline Mustards 

no. 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

ICmC (pM) 
form. X R R," 26 AA8 u v 4  HFd 

A OH 4-NOz 0.21 -620 3200 f 180e 2950 1.1 f 0.2 
A c1 4-NOz 0.87 102 f 24 17 f 3 12 
A c1 3-CONH(CHz)zNMez 11 f 2 0.27 f 0.03 44 f 7 

B OH H(CH2)zNMez -0.65 -490 6700 f 1500 4000 f 300 1.1 f 0.1 
B c1 -(CHz)zO(CHz)z- 0.65 >500 68 f 9 >7 

A c1 3-CONMez 12 f 3 1.2 f 0.4 29 f 9 
B OH -(CH~)ZO(CHZ)Z- -0.05 -560 10400 f 1500 8400 f 2700 1.3 f 0.1 

B c1 H(CH&NMeZ -0.15 208 f 20 5.7 f 0.6 40 f 8 
C OH -(CHz)zO(CHz)z- -0.14 -620 11200 f900  9200 f 1600 1.0 f 0.2 
C OH H(CHJzNMe2 -1.09 -570 13200 f 400 8000 f 800 1.6 f 0.1 
C c1 -(CHz)zO(CHz)z- 0.54 243 f 57 15 f 2 19 f 4 
C c1 H(CH,),NMe, -0.24 1140 f 290 72 f 28 12 f 3 

a R, = chromatographic measure of drug lipophilicity, measured as detailed in ref 22. EIl2: redox potential in millivolts, versus the 
normal hydrogen electrode, measured by cyclic voltammetry as described in the text. cICm determined against aerobic AA8 or UV4 cells as 
described in the text, using an exposure time of 18 h. dHypersensitivity factor = IC&A8)/ICm(UV4), using an 18 h drug exposure under 
aerobic conditions. Values are intraexperiment ratios and are therefore not identical to the ratio of the preceding two columns, which 
include data from experiments with one cell line only. e Values are mean f SEM for 3-6 independent experiments. 

Table 11. Physicochemical and Biological Properties of Dinitroaniline Mustards and Aziridines 

D E 

no. form. X R 
15 D diol 0.22 -450 295 f 6 P  280 f 90 
16 D must >50' 44 f 6 
17 E diol H2 0.41 6200f1000 5900f800 
18 E diol -(CHZ)zO(CH2)2- 0.12 -420 2950 2600 
19 E diol H(CH2)zNMez -0.76 -460 4110 f 180 3100 f 200 
20 E must Hz -0.28 470 f 50 108 f 22 

22 E must H(CH2)2NMe2 -0.17 260 f 26 68 f 9 
23 E azir HZ -0.36 -430 560 f 50 11.7 f 1.4 
24 E azir -(CHz)zO(CHz)z- -400 690 f 120 2.7 f 0.7 

21 E must -(CHz)zO(CHz)z- 0.50 260 f 70 12 f 3 

O-As for Table I. fCompound too insoluble for accurate determination. ICso for UV4 = 44 f 6 pM. 

mononitrocarboxamide mustards of Table I was achieved 
from the mononitrochloro acids (27 and 30) (Scheme I). 
Amide formation was followed by chloride displacement 
with diethanolamine to give the diols, which were con- 
verted into the mustards either directly with SOClz or via 
the dimesylates (see Experimental Section). The mono- 
nitro amides 28 and 31 were not sufficiently reactive to 
undergo direct displacement of the chlorine with N,N- 
bis(2-chloroethy1)amine. The strongly-activated chloro 
groups of the amides 36 (prepared from 5-chloro-2,4-di- 
nitrobenzoic acid18J9 (35)) could be displaced with either 

(18) Goldstein, H.; Stamm, R. Helu. Chim. Acta 1952, 35, 
1330-1332. 

(19) We note that under IUPAC rules, 35 is named 3-chloro-4,6- 
dinitrobenzoic acid rather than 5-chloro-2,4-dinitrobenzoic 
acid. However, to be consistent with previous literature on the 
related compound CB 1954 (23), we have chosen to use the 
former numbering for 35 and ita analogues in this paper. 

0.9 f 0.1 
>1 
1.1 f 0.1 
1.1 
1.4 f 0.1 
6.8 f 1.1 
23 f 5 
4.2 f 0.8 
50 f 11 
330 f 110 

diethanolamine, aziridine, or N~-bis(2-chloroethyl)amine 
to give directly the diols, aziridines, and mustards of Table 
I1 in good yields (Scheme 11). 

Measurement of Physicochemical Properties. The 
most biologically relevant measure of nitro group reduction 
potential is that for the thermodynamically-reversible 
addition of the first electron, E(l), as measured by pulse 
radiolysis.20 The one-electron reduction species, the 
radical anion, is a key intermediate, since its reoxidation 
by molecular oxygen is responsible for inhibition of net 
nitro reduction under aerobic conditions. Although 
half-wave reduction potentials values) determined 
in aqueous solution by cyclic voltammetry or polarography 
are not usually reversible reactions, and for nitro aromatics 
may involve the addition of up to four electrons, addition 

(20) Wardman, P.; Clarke, E. D. One-electron reduction potentials 
of substituted nitroimidazoles measured by pulse radiolysis. J.  
Chem. Soc., Faraday Trans. 1 1976, 1377-1390. 
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of the first is usually the most difficult.21 We have 
therefore used Ellz values (determined by cyclic voltam- 
metry against the normal hydrogen electrode) as an ap- 
proximation of E(1) values and as a relative measure of 
ease of reduction of the nitro group. 

Relative lipophilicities were measured by liquid-liquid 
thin-layer chromatography at pH 1-2 as previously de- 
scribeda and are recorded in Tables I and I1 as R, values 
relative to 4’-(9-acridinylamino)methanesulfonanilide as 
internal standard. 

Measurement of Selective Cytotoxicity. Aerobic 
cytotoxic potencies of the nitro aromatic compounds were 
initially assessed in a growth inhibition assay, using cell 
culturea of the Chinese hamster ovary fibroblast lines AA8 
and UV4. The latter is a UV complementation group 1 
mutant derived from AA8 with a defect in the incision step 
of excision re+* and is highly sensitive to agents which 
form bulky DNA monoadducta or cross-links.2s The ratio 
of the IC& in these two lines, termed the hypersensitivity 
factor HF (HF = ICm(AA8)/ICm(W4)), therefore provides 
a guide to mode of action. Interstrand crass-linking agents 
show hypersensitivity factors in the range 8-200-fold.2s We 
have previously showdo the utility of these cell lines in 
determining the nature of DNA adducts formed by nitro 
aromatic drugs, and the assay used has been described in 
detail.26 The ability of drugs to inhibit cell growth was 
evaluated after an 18-h exposure of log-phase monolayers 
in Swe l l  microtiter trays under aerobic conditions. Drugs 
were then washed out, the cultures were grown for a fur- 
ther 78 h, and cell numbers were determined by staining 
with methylene blue.27 The IC, was determined as the 
drug concentration required to reduce cell density to 50% 
of the controls. 

The selectivity of compounds for hypoxic cells was as- 
sessed using aerobic and hypoxic stirred suspensions of late 
log phase W 4  cells, gassed continuously with 5% CO, in 
air or N,, with measurement of cell killing by clonogenic 
assay as described previously.26 This assay provides es- 
sentially complete anoxia throughout the period of drug 
e x p u r e  (up to 8 h) in the Nkequilibrated  culture^.^ The 
concentration times time to reduce the surviving fraction 

Page, J. E.; Smith, J. W.; Waller, J. G. Polarographic behaviour 
of aromatic nitro compounds. J.  Phys. Colloid Chem. 1949,53, 
545-560. 
Denny, W. A.; Cain, B. F. Potential Antitumor Agents. 27. 
QSAR for the 4’-((9-acridinylamino)phenyl)alkanoic acids. J.  
Med. Chem. 1978,21,430-436. 
Thompson, L. H.; Busch, H.; Brookman, K.; Mooney, C. L.; 
Glaaer, D. A. Genetic diversity of UV-sensitive DNA repair 
mutants of Chinese hamster ovary cella. Roc.  Natl. Acad. Sci. 
U S A .  1980, 78,3734. 
Thompson, L. H.; Carrano, A. V. In Cellular responses to 
DNA Damage, UCLA Symposium on Molecular and Cellular 
Biology, New Series, Vol. 11; Freidberg, E. C., Bridges, B. R., 
Eds.; Alan R. Lisa: New York, 1983; p 125. 
Hoy, C. A.; Thompson, L. H.; Mooney, C. L.; Salazar, E. P. 
Defective DNA crosslink removal in Chinese hamster cell 
mutants sensitive to bifunctional alkylating agents. Cancer 
Res. 1985,45,1737-1747. 
Wilson, W. R.; Anderson, R. F.; Denny, W. A. Hypoxia-selec- 
tive antitumor agents. 1. Relationships between structure, 
redox properties and hypoxia-selective cytotoxicity for 4-sub- 
stituted derivatives of nitracrine. J. Med. Chem. 1989, 32, 
23-30. 
Finlay, G. J.; Baguley, B. C.; Wilson, W. R. A semiautomated 
microculture method for investigating growth inhibitory effects 
of cytotoxic compounds on exponentially growing carcinoma 
cells. Anal. Biochem. 1984,139, 272-277. 
Whillans, D. W.; Rauth, A. M. An experimental and analytical 
study of oxygen depletion in stirred cell suspensions. Radiat. 
Res. 1980,34, 97-103. 
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to 10% (CT,,) was determined and used as an inverse 
measure of cytotoxic potency and the ratio of CTlo values 
under aerobic and hypoxic conditions as a measure of 
hypoxic selectivity. 
Results and Discussion 

Table I gives data on the lipophilicity, reduction po- 
tentials, and cytotoxic potency of the set of mononitro- 
aniline mustards and their diol precursors. The very li- 
pophilic nature of the mustard group is reflected in the 
difference in the chromatographic parameter R, for the 
simple mustard 4 and the corresponding diol 3. The 
difference of 0.66 R ,  units corresponds to a log P dif- 
ference of approximately 2.5 units,3o and this is reflected 
in their widely-differing aqueous solubilities. While the 
diol 3 is soluble in water to >10 mM, the solubility limit 
of the mustard 4 is only 20 pM. Sufficient solubility for 
testing (ca. 120 pM) could just be achieved by dissolving 
it in acetone and diluting into tissue culture medium 
(Alpha MEM plus 10% fetal calf serum); the increase in 
solubility appears to be due to binding to serum proteins. 

An El,, value could not be obtained for 4 due to in- 
solubility. However, although no reliable u values are 
available for the N(CH2CH2C1), group, it is considered13 
to have similar eledronic properties to the N(CH2CH20H), 
substituent, and thus it is reasonable to assume the simple 
mustards will have reduction potentials similar to those 
of their corresponding diols. 

To provide compounds with both improved water-solu- 
bility and higher reduction potentials, the addition of 
hydrophilic side chaina to the phenyl ring of 4 via a suitable 
electron-withdrawing link group was explored. The car- 
boxamide moiety was selected as the link group because 
of ita powerful yet position-independent electron-with- 
drawing capacity (8, = 0.35, up = 0.36), ita high hydro- 
phili~ity,,~ and ita synthetic accessibility. Three hydro- 
philic side chains of differing chemistry and physico- 
chemical properties were used the primary carboxamide, 
CONH,; the secondary N-[ (N,N-dimethy1amino)ethyll- 
carboxamide, CONH(CH2)2NMe2; and the tertiary N- 
morpholinocarboxamide, CON(CH2CH2),0. 

The cationic (Na-dimethylamin0)ethyl side chain (pK, 
ca. 9.9) was expected to have a large solubilizing effect, 
lowering log P by 2-3 units.29 A basic side chain should 
also increase cellular uptake of the mustard because of the 
lower intracellular than extracellular pH under typical 
tissue culture conditions14 and possibly also target it to 
DNA. Either process would be expected to increase ab- 
solute drug potency, and indeed the model compound 5 
was found to have an IC, of 0.27 pM against UV4 (Table 
I), considerably greater than that of the isoelectronic but 
neutral carboxamido mustard 614 (1.2 pM) or that calcu- 
lated for 5 (2.3 pM) from eq 1. This equation was derived 

log (IC,) = 2.46~ - 0.53 (1) 

previously (eq 7 of ref 14) to relate the cytotoxicity of 
substituted aniline mustards to the electronic effects of 
the substituent groups, where ICm is the inhibitory potency 
against UV4 cells, measured as in the present study. The 
enhancement in potency is similar to that achieved by use 
of basic side chain functionality in the 2-nitroimidazole 
radiosensiti~ers.~~ 

(29) Hansch, C.; Leo, A. Substituent Constants for Correlation 
Analysis in Chemistry and Biology; Wiley and Sons La.: 
New York, 1979. 

(30) Cain, B. F.; Atwell, G. J.; Denny, W. A. Potential Antitumor 
Agents. 17. 9-Anilino-10-methylacridinium salts. J .  Med. 
Chem. 1976,19, 772-777. 
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Figure 1. Plating efficiency of UV4 cells incubated with com- 
pounds 23 (CB 1954) and 20 (SN 23862) under aerobic (open 
symbols) or hypoxic (filled symbols) conditions in stirred sus- 
pension cultures. Controls: aerobic (O), hypoxic (e). Drug 
treated 240 pM aerobic (O), 400 pM aerobic (A), 80 pM hypoxic 
(H), 160 rM hypoxic (A). 

The largest differences in Hammett u values between 
nitro and reduced forms (and therefore the highest dif- 
ferential cytot~xicity'~) occurs for compounds with an 
ortho or para relationship between the nitro and mustard 
groups, and experimental studied4 showed that the 4- 
nitroaniline mustard 4 showed greater hypoxic selectivity 
than its 2- or 3-nitro isomers. In the present work we 
therefore retained this basic configuration, focusing on 
derivatives of 4. The carboxamide side chain can be placed 
in one of two different positions (ortho or meta to the 
mustard), and both of these configurations were explored. 
In both series, unexpected chemistry of the primary 
CONH2 side chain precluded the preparation of this ex- 
ample. In the ortho series, reaction of the appropriate 
chloro compound (28c) with diethanolamine gave the 
N-hydroxyethyl lactone 29a as sole product, and in the 
meta series all attempts to convert the primary amide diol 
32 to the corresponding mustard resulted in dehydration 
to the nitrile 33. Thus in each case only the (N,N-di- 
methy1amino)ethyl and morpholide compounds could be 
prepared. 

The carboxamido diol 8 had an El12 of -490 mV, while 
that of the isomeric carboxamide 12 was lower, at -570 mV 
(Table I). In each case, the corresponding morpholides (7 
and 11) had slightly lower values. By comparison with the 
reduction potential of the parent diol 3, it appears that the 
carboxamido sidechain has a lesser influence on reduction 
potential when placed at the 3-position (compounds 11 and 
12) than when at  the 2-position (compounds 7 and 8). 
However, the measured El12 value (-490 mV) suggests that 
even 8, the most easily-reduced compound, has a reduction 
potential which is probably still too low for efficient 
bi0redu~tion.l~ 

The diols 7, 8, 11, and 12 were weakly cytotoxic, with 
low HFs against UV4 as expected, since these compounds 
cannot cross-link DNA. Conversion to the corresponding 
mustards @,lo, 13,14) generally provided a large increase 
in cytotoxicity, although the ortho morpholide 9 proved 
too insoluble to be evaluated in the AA8 cell line. High 
HFs (ranging from 11- to 50-fold) against UV4 suggest 
DNA cross-linking to be the critical toxic event with these 
compounds. The high potency and enhanced UV4 sen- 
sitivity relative to the diol precursors strongly suggests that 
the toxicity of these nitrobenzamide mustards is due to 
the nitrogen mustard rather than to the reduction of the 

(31) Adams, G.  E.; Ahmed, I.; Clarke, E. D.; ONeill, P.; Parrick, J.; 
Stratford, I. J.; Wallace, R. G.; Wardman, P.; Watts, M. E. 
Strudure-activity relationships in the development of hypoxic 
cell radiosensitisers. Znt. J.  Radiat. Oncol. 1980,38,613-626. 

Table 111. Hypoxic Selectivity of Substituted (-Nitroaniline 
Mustards in Stirred Suspension Cultures of UV4 

CTlo" (air) CTlo ratiob CTloo (air) CTlo ratio* 
no. (pM/h) (air/N2) no. (pM/h) (air/N2) 
4 c  760 1.6 17 >35oood 
9 2325 1.15 20 2700 60 
10 78 1.5 21 156 1.3 
12 11300 0.95 22 1080 70 
13 450 1.00 23 960 3.6 
14 465 2.3 24 50 1.7 
"CTIO: the product of the drug concentration (pM) and expo- 

sure time (h) needed to reduce cell survival to 10% of controls, 
using UV4 cells at 106/mL in the clonogenic assay (see text). 
bCT,o ratio = CTlo(air)/CTlo(nitrogen). CValue taken from ref 14. 
dNontoxic at the solubility limit (7000 MM) under aerobic or hy- 
poxic conditions. 

nitro group per se. In addition, the ca. 100-fold decrease 
in aerobic toxicity caused by the &No2 group (compare 
5 and 14) indicates the potential for a large increase in 
activity on reduction of the nitro group to an electron- 
donating moiety. 

Rates of killing by the mononitrobenzamide mustards 
under aerobic and hypoxic conditions were determined in 
stirred UV4 cultures (see Figure 1 for examples) and CT,, 
values were compared with 4 which we previously re- 
ported14 to be weakly selective in the same assay (Table 
111). Oxygen had no effect on the rate of killing by the 
morpholide 9 or its more potent isomer 13. The corre- 
sponding N- [ (NJV-dimethylamino)ethyl]carboxamides 10 
and 14 were of greater interest by virtue of their higher 
aqueous solubilities and higher estimated reduction po- 
tentials. Both showed slight hypoxic selectivity, with CT,, 
ratios of 1.5 and 2.3, respectively. The diol corresponding 
to 14, compound 12, was sufficiently soluble to evaluate 
in this assay despite its low potency but showed no hypoxic 
selectivity. The low hypoxic selectivities of these com- 
pounds may reflect reduction potentials which are too low 
for efficient bioactivation even in the absence of oxygen. 

In an attempt to raise reduction potentials, a series of 
related dinitro carboxamide mustards was also evaluated 
(Table 11). The dinitro diol 15 had an EIl2 170 mV more 
positive than that of the mononitro diol 3, showing the 
significant effect of the additional nitro group in increasing 
the reduction potential. Compound 15 was 1 order of 
magnitude more cyt~toxic than 3 against the AA8 and UV4 
cell lines, suggesting that the toxicity of these compounds 
is mediated through nitroreduction. However, cell killing 
is probably due to one-electron redox cycling rather than 
DNA alkylation, since neither hypoxic selectivity (data not 
shown) nor UV4 hypersensitivity was seen. The corre- 
sponding mustard 16 was too insoluble to evaluate in AA8 
cells but did show some activity against UV4 cells in the 
growth inhibition assay when tested near the solubility 
limit of 50 pM, indicating an HF value greater than one. 

The three side chain-bearing dinitro carboxamide diols 
(17-19) were surprisingly nontoxic compounds with low 
HFs, but did have nitro group El values of ca. -460 mV, 
which are in the desired range.13 h e  corresponding dinitro 
mustards (20-22) were at  least 10-fold more potent in the 
AA8 cell line and were 50-200-fold more potent than the 
diols in the UV4 line. The morpholide 21 showed a hy- 
poxia selectivity of only 1.3-fold, but the other dinitro 
carboxamide mustards (20 and 22) showed very high se- 
lectivities for hypoxic cells (Table I11 and Figures 1 and 
2) * 

Compound 20 (SN 23862) is the nitrogen mustard 
analogue of the (dinitroaziridiny1)beenuunide CB 1954 (231, 
which first attracted interest because of its exceptional 
therapeutic activity against the Walker carcinoma in rats32 
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Figure 2. Plating efficiency of UV4 cells incubated with com- 
pound 22 in stirred suspension cultures. Controls: aerobic (O), 
hypoxic (0). Drug treated 600 pM aerobic (o), 900 FM aerobic 
(A), 5 pM hypoxic (W), 10 pM hypoxic (A), 15 pM hypoxic (v). 

but which is also known to be selectively toxic to hypoxic 
V79 cells in culture.33 This compound has an E(1) of -385 
mV as measured directly by pulse radi~lysis?~ and ita 
reductive bioactivation is considered to result from the 
generation of a DNA cross-linking with reduc- 
tion of the 4-N02 group to the hydroxylamine providing 
a second reactive center (after acylation3') to convert the 
monofunctional aziridine into a much more toxic bifunc- 
tional alkylating agent?6 Nitro reduction is expected to 
enhance the reactivity of the miridhe,% and this could also 
contribute to bioadivation, essentially as proposed for 20. 

A direct comparison of the hypoxic selectivies of 20 and 
23 was made in the same experiment (Figure 1). The 
selectivity of 23, assessed by comparing the CT,, values 
at  similar rates of killing (Le. average of 240 and 400 pM 
aerobic compared with 80 pM hypoxic), was only 3.6-fold 
(Table 111). A similarly low selectivity was also observed 

(32) Cobb, L. M.; Connors, T. A.; Elsan, L. A.; Khan, A. H.; 
Mitchley, B. C. V.; Ross, W. C. J.; Whisson, M. E. 2,4-Di- 
nitro-5-ethyleneiminobenzamide (CB 1954): a potent and se- 
lective inhibitor of the growth of the Walker carcinoma 256. 
Biochem. Pharmacol. 1969,18, 1519-1527. 

(33) Stratford, I. J.; Williamson, C.; Hoe, S.; Adams, G. E. Ra- 
diosensitizing and cytotoxicity studies with CB 1954 (2,4-di- 
nitro-5-aziridinylbenzamide). Radiation Res. 1981, 88, 

(34) Venitt, S. The differential response of resistant and sensitive 
strains of Escherichia coli to the cytotoxic effects of 5-aziri- 
dino-2,4-dinitrobenzamide (CB 1954). Chemdiol. Znt. 1971, 

(35) Roberta, J. J.; Friedlos, F.; Knox, R. J. CB 1954 (2,4-dinitro- 
5-aziridmylbenzamide) becomes a DNA interstrand crosslink- 
ing agent in Walker tumour cells. Biochem. Biophys. Res. 
Commun. 1986,140,1073-1078. 

(36) Knox, R. J.; Friedlos, F.; Jarman, M.; Roberta, J. J. A new 
cytotoxic DNA interstrand crosslinking agent agent, 5-(Wki- 
din-l-yl)-4-hydroxylamino-2-nitrobenzamide, is formed from 
5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB 1954) by a nitro- 
reductase enzyme in Walker carcinoma cells. Biochem. 
Pharmacol. 1988,37,4661-4667. 

(37) Knox, R. J.; Friedlos, F.; Marchbank, T.; Roberts, J. J. The 
bioactivation of CB 1954 Reaction of the active 4-hydroxyl- 
amino derivative with thioesters to form the ultimate DNA- 
DNA interstrand crosslinking species. Biochem. Pharmacol. 

(38) Lewis, D. F. V. Molecular orbital calculations on tumour-in- 
hibitory phenyl aziridines: QSARs. Xenobiotica 1989, 19, 

502-509. 

3,177-191. 

1991,42, 1691-1697. 
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Figure 3. Reduction of compounds 23 and 20 by NADPH (1 mM) 
catalysed by purified rat (Walker cell) DT diaphorase (100 pg/mL) 
under aerobic conditions. 

for the morpholino analogue 24 (Table 111). At the same 
concentrations used for 23, the mustard derivative 20 was 
clearly much more selective, showing higher potency under 
hypoxic conditions and lower potency under aerobic con- 
ditions than 23. Further studies with concentrations up 
to the solubility limit of 1600 pM (data not shown) indicate 
a selectivity of approximately 60-fold (Table 111). The 
excellent selectivity of 20 was retained in the much more 
water-soluble N-[  (NJV-dimethylamino)ethyl]carboxamide 
22, which showed a rate of killing at 10 pM under hypoxia 
which was intermediate between that at  600 and 900 pM 
under aerobic conditions, indicating a 70-fold hypoxic 
differential (Figure 2 and Table III). Recent studies in this 
laboratory (Wilson and Pullen, unpublished results) in- 
dicate that the hypoxic selectivities of 20 and 22 are much 
superior to those of 23 in all cell lines tested (AA8, EMT6 
mouse mammary carcinoma, FME human melanoma, and 
Walker rat carcinoma). The (dimethy1amino)ethyl ana- 
logue 25 was also prepared, but unexpectedly proved too 
unstable to be evaluated biologically, decomposing rapidly 
at  room temperature. 

Reasons for the greater hypoxic selectivity of 20 and 22 
than the aziridine 23 are not yet clear. Comparison of the 
measured El,* values of the morpholino derivatives 18 and 
24 suggests a slightly lower one-electron redox potential 
for the aziridine compound compared to the bis(2- 
hydroxyethyl) derivative, as expected from the respective 
electron-donating capacities of these two  group^.'^ How- 
ever, on this basis the reduction potential of 20 is expected 
to be little different from that of 23, and recent experi- 
ments (Thompson and Wilson, unpublished results) show 
a similar rate of reduction of both compounds in hypoxic 
UV4 cells. 

Compound 23 is known to be bioactivated under aerobic 
conditions by NAD(P)H:quinone oxidoreductase (DT 
diaphorase) which can act as an oxygen-insensitive nitro- 
r e d u c t a ~ e . ~ ~ ~ ~ ~  The abilities of 23 and 20 to act as sub- 
strates for purified DT diaphorase from rat Walker cells 
were compared (Figure 3). The rate of reduction of 20 
was <1% of that of 23, suggesting that the high hypoxic 
selectivity of the former compound in UV4 cells may be 
due to its insensitivity to aerobic reduction by DT dia- 
phorases which are known to be present in this cell line.@ 

~~~ 

(39) Knox, R. J.; Boland, M. P.; Friedlos, F.; Coles, B.; Southan, C.; 
Roberta, J. J. The nitroreductase enzyme in Walker cells that 
activates 5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB 1954) to 
5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide is a form 
of NAD(P)H dehydrogenase (quinone) (EC 1. 6.99.2). Bio- 
chem. Pharmacol. 1988,37, 4671-4677. 
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Preliminary studies suggest that 21 is also a poor substrate 
for Walker cell DT diaphorase, indicating that DT dia- 
phorase sensitivity may not be the only determinant of 
hypoxic selectivity in this series. Reasons for the lack of 
hypoxic selectivity of 21 require further investigation. 

The marked hypersensitivity of UV4 to 23 (Table 11) 
provides further evidence%-% that the cytotoxicity of this 
compound is due to DNA cross-linking. The morpholide 
analogue 24 shows an even higher HF ratio than 23, again 
suggesting that DNA cross-linking is the predominant 
mode of toxicity. It is of interest that the dinitro car- 
boxamide mustards show lower HF values than the cor- 
responding aziridines. The two nitrogen mustards with 
greatest hypoxic selectivity (20 and 22) have HF values 
under aerobic conditions which are below the range usually 
considered diagnostic of DNA interstrand ~ross-linking.~~ 
This may indicate that mechanisms of toxicity other than 
DNA alkylation contribute under aerobic conditions. 
Further studies will be required to determine to what 
extent the cytotoxicity of these promising new bioreductive 
agents is due to DNA cross-linking under either aerobic 
or hypoxic conditions. 

Most bioreductive agents give rise to proximal cytotoxins 
which are either short-lived radical species or very reactive 
electrophiles, expected to have short diffusion ranges and 
to kill only those cells in which they are generated. In 
contrast, the dinitrobenzamide mustards are expected to 
give rise to much more stable cytotoxic products, which 
should be capable of diffusing from the cell of origin. 
Reduction of one nitro group to the hydroxylamine or 
amine will greatly lower the reduction potential and 
probably preclude further reduction. The reactivity of 
such a nitrogen mustard would probably be less than that 
of classical aromatic nitrogen mustards such as melphalan 
or chlorambucil since the electron-withdrawing effect of 
the remaining nitro group would outweigh the electron- 
donating effect of the hydroxylamine or amine. Efficient 
diffusion of the active reduction product is thus expected. 
Preliminary studies with compound 22 indicate a much 
greater activity against intact than dissociated EMT6 
spheroids, suggeating that bioactivation in the hypoxic core 
may result in killing which includes surrounding oxic cells. 

Conclusions 
The carboxamide analogues of 4, described above were 

designed to have both higher reduction potentials and 
improved aqueous solubility than the parent compound, 
which had been shown previously14 to have limited hypo- 
xia-selective cytotoxicity against mammalian cells in cul- 
ture. The dinitro mustards 20 and 22 were highly selective 
for hypoxic cells, with CTlo ratios of 60-70-fold. Prelim- 
inary studies with purified DT diaphorase suggest that 20 
differs from 23 in not being a substrate for activation by 
this oxygen-insensitive reductase. A loss of sensitivity to 
activation by DT diaphorases may be responsible for the 
much greater inhibition of toxicity by oxygen in the case 
of 20. 

The selectivities of the dinitrobenzamide mustards are 
comparable with those of the benzotriazine di-N-oxide SR 
4233l7v4l and the alkylating 2-nitroimidazole RB 6145,42 

Palmer et  al. 

both of which are scheduled for clinical evaluation as hy- 
poxia-selective bioreductive drugs in combination with 
radiotherapy. They are certainly more selective than ni- 
troheterocycles such as misonidazole and nitracrine, which 
have CTlo ratios (air/N2) of approximately 10 for AA8 and 
UV4 cells in the same experimental system as employed 

The dinitrobenzamide mustards are expected to give rise 
to cytotoxic products sufficiently stable to be capable of 
diffusing from the cell of origin. The release of such 
diffusible cytotoxins within hypoxic .foci provides an op- 
portunity for exploiting tumor hypoxia to achieve killing 
of more than just the hypoxic fraction and is an important 
goal for further development of this new class of biore- 
ductive agents. 
Experimental Section 

Chemistry. Where analyses are indicated by the symbols of 
the elements, results obtained were within f0.4% of the theo- 
retical value. Analyses were carried out in the Microchemical 
Laboratory, University of 0-0, NZ. Melting pointa were de- 
termined on an Electrothermal apparatus using the supplied, 
stem-corrected thermometer and are as read. 'H NMR spectra 
were obtained on a Bruker WP-60 spectrometer (Me&), and 13C 
NMR spectra on a Bruker AM-400. Mass spectra were obtained 
on an AEI MS-30 spectrometer a t  nominal 3000 resolution. 
N-(2-Chloro-5-nitrobenzoyl)morpholide (28a). A mixture 

of 2-chloro-5-nitrobenzoic acid (27) (5.0 g, 25 mmol) and S0C12 
(20 mL) was heated under reflux under Nz for 1 h and evaporated 
to dryneas. The residue was dissolved in MezCO (20 mL), cooled 
to 0 "C, and treated dropwise with a solution of morpholine (4.7 
mL, 62 m o l )  in MezCO (20 mL). After 15 min the solution was 
evaporated to dryness and the residue partitioned between EtOAc 
and water. The organic layer on workup gave the morpholide 
28a, which was recrystallized from aqueous EtOH as cubes (4.64 
g, 73%): mp 104.5 "C; 'H NMR (CDC13) 6 8.2 (m, 2 H, ArH4, 
ArHG), 7.63 (d, J = 10 Hz, 1 H, ArH3), 3.83 (br, Wl12 = 8 Hz, 4 

N-[ (N,N-Dimet hylamino)ethyl]-2-chloro-bnitrobenz- 
amide (28b). A solution of l,l'-carbonyldiimidle (5.22 g, 0.032 
mol) in CHzClz (25 mL) was added in one portion to a stirred 
solution of 2-chloro-5-nitrobenzoic acid (27) (5.00 g, 0.025 mol) 
in THF (30 mL). After 15 min, N,N-dimethylethylenediamine 
(2.97 mL, 0.027 mol) was added, and the mixture was stirred at 
20 O C  for 1 h and poured into brine. Extraction with EtOAc gave 
a gummy solid which was triturated with petroleum ether and 
crystallized from CHCl,/petroleum ether to give the amide 28b 
(5.87 g, 87%): mp 110-111 OC; 'H NMR (CDC13) 6 8.46 (d, J = 
2 Hz, 1 H, ArHG), 8.19 (dd, J = 10, 2 Hz, 1 H, ArH4), 7.55 (d, 
J = 10 Hz, 1 H, ArH3), 6.89 (br, 1 H, NH), 3.51 (dt, J = 6 , 5  Hz, 
2 H, CHzNHCO), 2.47 (t, J = 6 Hz, 2 H, CHzNhfe2), 2.22 (8,  6 
H, NMez). Anal. (CllH14C1N303) C, H, N, C1. 
N-[ 24N ,N-Bis (2-chloroet hyl)amino]-5-nitrobenzoyll- 

morpholide (9). A mixture of the above morpholide (%a) (4.44 
g, 17 mmol) and diethanolamine (4.03 g, 38 "01) was warmed 
at 90 O C  for 4 h, diluted with MeOH, and adsorbed onto SOp. 
Chromatography on Si02 and elution with MeOH/EtOAc (3:7) 
gave the diol 7 (3.02 g, 53%) as a viscous orange oil: 'H NMR 

2 Hz, 1 H, ArHG), 7.07 (d, J = 9 Hz, 1 H, ArH3), 3.65 (br m, 16 
H, CHzO, CHzN), 2.92 (br, 2 H, OH). Anal. (C16H21N306) C, H. 
A solution of this crude diol (0.4 g, 1.22 mmol) and S0C12 (1 mL) 

here.lOJ626 

H, CHZO), 3.67 (t, J = 6 Hz, 2 H, CHZN), 3.24 (t, J = 6 Hz, 2 H, 
CHZN). Anal. (CiiH1,ClNZO4) C, H, N, C1. 

(CD3COCD3) 6 7.97 (dd, J = 9, 2 Hz, 1 H, ArH4), 7.88 (d, J = 

~ ~~ ~~ ~~~ 

(40) Dulhanty, A. M.; Whitmore, G. F. Chinese hamster ovary cell 
lines resistant to mitomycin-C under aerobic but not hypoxic 
conditions are deficient in DT-diaphorase. Cancer Res. 1991, 
51, 1860-1865. 

(41) Zeman, E. M.; Brown, J. M.; Lemon, M. J.; Hirst, V. K.; Lee, 
W. W.; SR 4233, a new bioreductive agent with high selective 
toxicity for hypoxic mammalian cells. Znt. J. Radiat. Oncol. 
Biol. Phys. 1986, 12, 1239-1242. 

(42) Jenkins, T. C.; Naylor, M. A.; ONeill, P.; Threadgill, M. D.; 
Cole, S.; Stratford, I. J.; Adams, G. E.; Fielden, E. M.; Sub, 
M. J.; Stier, M. A. Synthesis and evaluation of a[[(2-halo- 
ethyl)amino)] methy1]-2-nitro-lH-imidazole-l-ethanols as pro- 
drugs of a-[(l-aziridinyl)methyl]-2-nitro-1H-imidazole-l- 
ethanol (RSU-1069) and its analogues which are radiosensi- 
tizers and bioreductively-activated cytotoxins. J. Med. Chem. 

(43) Ross, W. C. J. Aryl-2-halogenoalkylamines. Part 1. J .  Chem. 
1990,33, 2603-2610. 

SOC. 1949, 183-191. 
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in l,2-dichloroethane (50 mL) was refluxed under Nz for 1 h and 
then concentrated to dryness. The residue was dissolved in 
EtOAc, washed with saturated aqueous NaHC03, and worked up 
to give an oil. Chromatography on Si02 and elution with Et- 
OAc/petroleum ether (3:7) gave the mustard 9 (0.37 g, go%), 
which was cryetallized from CHC13/petroleum ether: mp 112-114 
OC; 'H NMR (CDC13) 6 8.13 (dd, J = 9 ,2  Hz, 1 H, ArH4), 8.05 
(d, J = 2 Hz, 1 H, ArHG), 7.01 (d, J = 9 Hz, 1 H, ArH3), 3.72 (m, 
14 H, CHzN, CHzCl and CHzO), 3.37 (m, 2 H, CH2N). Anal. 

N-[ (N,N-Dimethy1amino)et hyll-2-[ N,N-bis (24 hloro- 
ethyl)amino]-B-nitrobenzamide (10). A mixture of the amide 
28b (4.18 g, 0.015 mol), Cu powder (0.10 g), and diethanolamine 
(3.39 g, 0.032 mol) was heated at 70 "C for 2 h. The product was 
dissolved in MeOH and subjected to flash chromatography on 
Si02 EtOAc eluted some nonpolar material, and EtOAc/MeOH 
(32) gave the diol 8 (4.45 g, 85%) as a yellow oil: 'H NMR 

J = 8,2.5 Hz, 1 H, ArH4), 7.27 (d, J = 8 Hz, 1 H, ArH3), 4.0-3.2 
(m, 8 H, CH2NHC0, CHzOH and OH), 2.91 (t, J = 7 Hz, 4 H, 
CH2N), 2.51 (m, 3 H, CHzNMe2 and NH), 2.21 (e, 6 H, NMez). 
Anal. (C15HMN405 requires maes spectrum M+ 340.1737, found 
M+ 340.1741). A solution of this diol (1.40 g, 4.11 "01) and EGN 
(2.29 mL, 16.45 mmol) in CHZClz (30 mL) was treated at 0 OC 
with MsCl (0.95 mL, 12.34 mmol). After 2 h the mixture was 
diluted with CHzCl2, washed with saturated aqueous NaHC03, 
and evaporated to give the crude dimesylate as an oil. This was 
dissolved in DMF (20 mL) containing NaCl(2 g), and the mixture 
was held at  160 OC for 30 min and evaporated to dryness. The 
residue was dissolved in EtOAc, washed with brine, and con- 
centrated, and the reaidue was chromatographed on Si02 Elution 
with EtOAc gave foreruns, while EtOAc/MeOH/EGN (91:0.1) 
gave the mustard 10 (0.81 g, 52%) as a yellow oil: 'H NMR 

1 H, ArH4), 7.19 (d, J = 10 Hz, 1 H, ArH3), 3.62 (br s, 10 H, 

M+ 379.0932, 366.0961,375.0991, found M+ 379.0945,377.0998, 
375.1044). 
Lactones 29. Treatment of 2-chloro-5-nitrobenzide (28c; 

prepared as above for 28a) with diethanolamine gave, after 
chromatography on SiOz, only the hydroxy lactone 29a (63%), 
which crystallized from EtOAc/petroleum ether: mp 132.5 "C; 
'H NMR (CD3SOCD3) 6 8.58 (d, J = 3 Hz, 1 H, ArHG), 8.10 (dd, 
J = 10, 3 Hz, 1 H, ArH4), 7.12 (d, J = 10 Hz, 1 H, ArH3), 4.76 
(br, 1 H, OH), 4.53 (m, 2 H, CHzOCO), 3.90 (m, 2 H, CH20H), 
3.65 (m, 4 H, CH2N). Anal. (C11H1zNz08) C, H, N. Reaction of 
the hydroxy lactone with SOClz as above gave the chloro lactone 
29b (71%): mp (EtOAc) 195 "C; 'H NMR (CD3SOCD3) 6 8.67 
(d, J = 3 Hz, 1 H, ArHG), 8.33 (dd, J = 10,3 Hz, 1 H, ArH4), 6.97 
(d, J = 10 Hz, 1 H, ArH3), 4.55 (m, 2 H, CHzO), 4.00-3.60 (m, 
6 H, CHzN and CHzCl). Anal. (CllHllC1N20,) C, H, N, C1. 
N-[5-Chloro-2-nitrobenzoyl]morpholide (31a). Treatment 

of 5-chloro-2-nitrobenzoic acid (30) with SOClz followed by 
morpholine gave the morpholide 31a, which crystallized from 
aqueous EtOH: mp 158-160 "C; 'H NMR (CDC13) 6 8.16 (d, J 
= 9 Hz, 1 H, ArH3), 7.60 (d, J = 2 Hz, 1 H, ArHG), 7.37 (dd, J 
= 9, 2 Hz, 1 H, ArH4), 3.81 (br, Wl = 8 Hz, 4 H, CH20), 3.62, 
3.21 (2 t, 4 H, CHzN). Anal. (Cll~llClNz04) C, H, N, C1. 
N-[ (NJV-Dimet hylamino)ethyl]-5-chloro-2-nitrobenz- 

amide (31b). Treatment of 5chlore2-nitrobenzoic acid (30) with 
1,l-carbonyldiimidazole followed by NJV-dimethylethylenedi- 
amine gave the amide 31b (57% yield): mp 70-72 "C (after 
distillation at  100 OC/1 mmHg); 'H NMR (CDC13) 6 7.99 (d, J 
= 9 Hz, 1 H, ArH3), 7.46 (dd, J = 9 ,2  Hz, 1 H, ArH4), 7.46 (d, 
J = 2 Hz, 1 H, ArHG), 6.71 (br, 1 H, NH), 3.50 (dt, J = 6, 5 Hz, 
2 H, CHzNHCO), 2.51 (t, J = 6 Hz, 2 H, CHzNMe2), 2.24 (8, 6 
H, NMe2). Anal. (CllH14C1N303) C, H, N, C1. 
N-[ 5-[N,N-Bis(2-chloroethyl)amino]-2-nitrobenzoyl]- 

morpholide (13). Treatment of the morpholide 31a as above 
with excess diethanolamine gave the diol 11: mp (MezCO/pe- 
troleum ether) 188-191 "C; 'H NMR (CD3SOCD3) 6 7.90 (d, J 
= 9 Hz, 1 H, ArH3), 6.73 (dd, J = 9, 3 Hz, 1 H, ArH4), 6.50 (d, 
J = 3 Hz, 1 H, ArHG), 4.95 (br, 2 H, OH), 3.55 (br s,14 H, CH2N, 
CHZO), 3.00 (m, 2 H, CHzN). Anal. (C15H21N306) C, H, N. 
Treatment of this diol with S0Clz as above gave the mustard 13: 

(Ci6H&lzN304) C, H, N, C1. 

(CD&OCDS/CDClS) 6 8.45 (d, J = 2.5 Hz, 1 H, ArHG), 8.13 (dd, 

(CDC13) 6 8.66 (d, J = 2 Hz, 1 H, ArHG), 8.20 (ad, J = 10,2 Hz, 

NCH2CH2Cl and CHZNHCO), 2.52 (t, J 6 Hz, 2 H, CHZNMQ, 
2.25 (8,6 H, NMQ. Anal (C&&l&& ~ U i r e e  m a a ~  spectrum 
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mp (CHC13/petroleum ether) 146-148 "C; 'H NMR (CDClJ 6 8.10 
(d, J = 9 Hz, 1 H, ArH3), 6.67 (dd, J = 9,2 Hz, 1 H, ArH4), 6.48 
(d, J = 2 Hz, 1 H, ArHG), 3.70 (m, 14 H, CH2N, CHzCl and CH20), 
3.15 (t, 2 H, CH2N). Anal. (Cl5HlgCl2N3O4) C, H, N. 
N-[ (N,N-Dimethylamino)ethyll-5-[ N,N-bis(2-chloro- 

ethyl)amino]-2-nitrobnzamide (14). Similar treatment of the 
amide 31b with excess diethanolamine gave the diol 12 in 42% 
yield as a yellow oil: 'H NMR (CD3SOCDS) 6 7.92 (d, J = 8 Hz, 
1 H, ArH3), 6.82 (dd, J = 8, 2.5 Hz, 1 H, ArH4), 6.61 (d, J = 2.5 
Hz, 1 H, ArHG), 4.25 (br s , 2  H, OH), 3.55 (m, 6 H, CHzO and 
CHzNHCO), 2.94 (t, J = 7 Hz, 4 H, CHzN), 2.50 (m, 2 H, 

spectrum M+ 340.1737, found M+ 340.1737). Treatment of this 
with MsCl followed by NaCl as detailed above gave the corre- 
sponding mustard (14,59% yield): mp (EtOAc/petroleum ether) 

6.67 (dd, J = 10,2 Hz, 1 H, ArH4), 6.62 (d, J = 2 Hz, 1 H, ArHG), 
3.71 (m, 8 H, NCH2CHzC1), 3.46 (m, 2 H, CHzNHCO), 2.47 (t, 
J = 6 Hz, 2 H, CHzNMez), 2.20 (8,  6 H, NMez). Anal. (C15- 

5-[ NJV-Bis( 2-hydroxyet hyl)amino]-2-nitrobenzamide (32). 
A mixture of 5-chloro-2-nitrobenzamide (31c; made from 30 as 
above) (3.32 g, 16 mmol) and diethanolamine (3.82 g, 36 mmol) 
was stirred at  100 OC for 4 h and adsorbed onto SiOz. Elution 
with MeOH/EtOAc (1:9) gave the diol 32 (2.63 g, 59%): mp 
(EtOAc/MeOH) 210-212 OC; 'H NMR (CD3SOCD3) 6 7.90 (d, 
J = 9 Hz, 1 H, ArH3), 7.73-7.74 (br, 2 H, CONHz), 6.70 (dd, J 
= 9 , 3  Hz, 1 H, ArH4), 6.53 (d, J = 3 Hz, 1 H, ArHG), 4.74 (br, 
2 H, OH), 3.50 (br s, 8 H, CHzN, CH20). Anal. (CllH15N305) 
C, H, N. 
Attempted Preparation of 5-[NJV-Bis(2-chloroethyl)- 

amino1-2-nitrobenzamide. Treatment of the diol 32 with MsCl 
and Et3N in 1,2-dichloroethane at  0 OC, followed by treatment 
with NaCl in DMF at 160 "C gave, after chromatography on silica 
gel, only 5 [NJV-bis(2-chloroethyl)amino]-2-nitrobenzonitrile (33) 
(15% yield): mp (CHCl,/petroleum ether) 127 OC; 'H NMR 
(CDCl,) 6 7.03 (br 8, 1 H, ArHG), 6.98 (br d, J = 9 Hz, 1 H, ArH4), 
6.60 (d, J = 9 Hz, 1 H, ArH3), 4.05-3.62 (m, 8 H, CH2N and 
CH2C1). Anal. (CllHllC12N203 requires mass spectrum M+ 
291.0169, 289.0199, 287.0228, found M+ 291.0173, 289.0237, 
287.0243). No other product was eluted, and no trace of the 
desired 5-[NJV-bis(2-chloroethyl)amino]-2-nitrobenzamide could 
be detected. 
N-[2-(NJV-Dimethylamino)ethyl]-5-chloro-2,4-dinitro- 

benzamide (36c). Treatment of 5chlore2,4dinitrobenzoic acidla 
(35) with S0C12 followed by NJV-dimethylethylenediamine as 
above gave 36c (59% yield) as an unstable solid: 'H NMR 
(CD3COCD3) 6 8.78 (8,  1 H, ArH3), 8.10 (8,  1 H, ArHG), 4.30 (br, 
1 H, NHCO), 3.51 (m, 2 H, CHzNHCO), 2.61 (t, J = 6 Hz, 2 H, 
CH2NMez), 2.30 (8,  6 H, NMez). The hydrochloride salt crys- 
tallized from MeOH/EhO, mp 143-145 "C. Anal. (Cl1Hl3C1- 

Similarly was prepared 5-chloro-2,4-dinitrobenzamide (36a): 
mp 210 "C dec (lit.'* mp 212 "C); 'H NMR (CD3COCDs) 6 8.68 
(8,  1 H, ArH3), 8.02 (8,  1 H, ArHG), 7.50 (br, 2 H, CONH,); and 
(5-chloro-2,4-dinitrobenzoyl)morpholide (36b): mp (EtOAc/pe- 
troleum ether) 184 "C (lit.4 mp 180 "C); 'H NMR (CD3COCD3) 
6 8.83 (8, 1 H,ArH3),7.98 (8,  1 H, ArHG), 3.73 (m, 6 H),3.40 (m, 

5-[N~-Bis(2-chloroethyl)amino]-2,4-dinitrobenzamide 
(20). A mixture of 5-chloro-2,4-dinitrobenzamide (36a) and di- 
ethanolamine was treated as above to give the diol 17 (45% yield): 
mp (EtOAc) 176-178 OC; 'H NMR (CD3SOCD3) 6 8.47 (8, 1 H, 
ArH3), 8.07, 7.73 (2 br, 2 H, CONHz), 7.35 (8,  1 H, ArHG), 4.80 
(m, 2 H, OH), 3.83-3.20 (m, 8 H, CHzN, CHzO). Anal. (Cll- 
HI4N40,) C, H, N. Treatment of this with MsCl followed by 
NaCl/DMF as above followed by chromatography on Si02 gave 
(elution with EtOAc) the mustard 20 (0.47 g, 20%): mp (Et- 
OAc/petroleum ether) 109-111 "C; 'H NMR (CDClJ 6 8.58 (a, 
1 H, ArH3), 7.33 (8, 1 H, ArHG), 6.53 (br, 2 H, CONHZ), 3.72 (br 

CH2NM4,2.22 (8,6 H, NMQ. Anal. ( C i a ~ N 4 0 5  requires maa~ 

143-145 "C; 'H NMR (CDClJ 6 8.02 (d, J = 10 Hz, 1 H, ArH3), 

HzzClzN403) C, H, N, C1. 

N405.HCl) C, H, N, C1. 

2 H). Anal. (C11H&1N306) C, H, N, C1. 

~ , 8  H, CH2N and CH2Cl); 13C NMR (CDSCOCD3) 6 167.10 (CO- 

(44) Khan, A. H.; Ross, W. C. J. Tumour-growth inhibitory nitro- 
phenylaziridines and related compounds: structure-activity 
relationships. Chem-Biol. Int. 1969/70, 27-47. 



3222 Journal of Medicinal Chemistry, 1992, Vol. 35, NO. 17 

122.24 (C-3,6), 54.25 (CH,N), 42.04 (CH2Cl). Anal. (CllH12- 
C12N406) C, H, N, C1. 
N-[5-[N,N-Bis(2-chloroethyl)amino]-2,4-dinitro- 

benzoyl]morpholide (21). The morpholide 36b similarly gave 
the diol 18 (1.31 g, 39%), which crystallized from EtOAc/pe- 
troleum ether: mp 178-180 OC; 1H NMR (CD3SOCD3) 6 8.62 (8,  
1 H, ArH3), 7.37 (8, 1 H, ArHG), 4.79 (br, 2 H, OH), 3.83-3.16 (m, 
16 H, CH20, CH2N). Anal. (C15H&408) C, H, N. This was 
treated with SOC1, in 1,2dichloroethane as above, and the product 
was chromatographed on Si02 Elution with EtOAc gave 21 (0.94 
g, 71%), which crystallized from CHCl,/hesane: mp 140-142 OC; 
'H NMR (CDCl,) 6 8.66 (8, 1 H, ArH3), 7.55 (8, 1 H, ArHG), 3.68 
(br, 10 H, NCH2CH2Cl and CH20), 3.60 & 3.34 (2 m, 2 X 2 H, 

54.22 (CH2N), 47.88, 42.80 (CONCH2), 42.26 (CH2C1). Anal. 
(CI~HBC~ZN~O~)  C, H, N. 
N-(2,4-Dinitro-6-aziridinobenzoyl)morpholide (24). A 

solution of the morpholide 36b (0.91 g, 2.88 "01) in EtOAc (100 
mL) w a ~  added dropwiee at 10 OC to a stirred solution of ethylene 
imine (0.27 mL, 5.19 "01) and E t N  (0.72 mL, 5.19 mmol) in 
EtOAc (100 mL). The mixture was stirred for a further 4 h and 
then chromatographed directly on silica gel. Elution with EtOAc 
gave foreruns, followed by the imine 24 (0.63 g, 68%), which 
crystallized from CHCl,/petroleum ether: mp 198-200 "C dec 
(lit.u mp 177 "C); 'H NMR (CD3COCD3) 6 8.87 (8, 1 H, ArH3), 
7.38 (a, 1 H, ArHG), 3.75 (8, 4 H, CH20 and CH2N), 3.58 (m, 2 
H, CHzO), 3.33 (m, 2 H, CHzN), 2.57 (br s ,4  H, aziridine CH2). 

Similar treatment of the dinitrobenzamide 36c gave N-[(N,N- 
dimethylamino)ethyl]-5-aziridino-2,4-dinitrobenzamide (25) as 
an unstable, pale yellow solid (0.31 g, 52%): lH NMR (CDC13) 
6 8.93 (e, 1 H, ArH3), 7.33 (8, 1 H, ArHG), 3.56 (m, 2 H, 
CH2NHCO), 2.53 (br s, 4 H, aziridine CH2), 2.20 (m, 2 H, 
CH2NMe2), 2.07 (8,  6 H, NMe2). This compound could not be 
characterized further due to ita instability and decomposed to 
a red polymer over a few hours at  20 OC. 
N-[ (NJV-Dimethylamino)ethyl]-5-[NJV-bis(2-chloro- 

ethyl)amino]-2,4-dinitrobenzamide (22). A solution of bis(2- 
chloroethy1)amine hydrochloride (2.79 g, 0.016 mol) in water (10 
mL) was neutralized with NaHC03 (2.62 g, 0.031 mol), extracted 
with EhO, and worked up to give crude bis(2-chloroethy1)amine 
as a viscous oil. To this was added powdered dinitrochloro- 
benzamide (364 (0.94 g, 0.031 mol), and the mixture was stirred 
at 50 OC for 1 h and adsorbed onto SiO, from a solution in MeOH 
for flash chromatography. Elution with EtOAc gave foreruns, 
while elution with EtOAc/MeOH (2&1) gave the mustard 22 (0.74 
g, 56%) as a yellow solid 'H NMR (CD3COCD3) 6 8.50 (8,  1 H, 
ArH3), 8.00 (br, 1 H, CONH), 7.62 (a, 1 H, ArHG), 3.88 (br s , 8  
H, NCH2CH2C1), 3.50 (m, 2 H, CH,NHCO), 2.53 (t, J = 6 Hz, 
2 H, CH2NMe2), 2.40 (8,  6 H, NMe2). The hydrochloride salt 
crystalliied from MeOH/EhO, mp 85-90 OC. Anal. (C15H21- 

Similar treatment of 36c with diethanolamine gave the cor- 
responding diol 19 as a viscous oil. Anal. (C15H23N607 requires 
mass spectrum M+ 385.1597, found M+ 385.1589). 

Determination of Half-Wave Reduction Potentials by 
Cyclic Voltammetry. Reduction potentials were determined 
for aqueous solutions of approximately 5 X lP M concentration, 
containing 0.1 M NaC104 aa electrolyte and 5 X 10-3 M phosphate 
buffer (pH 7). The nitro aromatic compound (ca. 5 X 10" mol) 
was dissolved in 100 mL of a standard electrolyte solution, itself 
prepared by diluting 0.1 mol of NaC1O4.Hz0 and 100 mL of 0.05 
M phosphate buffer (pH 7) to 1 L with deionized water. The 
solutions were deosygenated immediately prior to use by bubbling 
N2 through them for 15 min. Cyclic voltammograms were de- 
termined over the range +0.5 to -1.5 V at a scan rate of 50 mV/s, 
using a stationary wax-impregnated carbon electrode and a 
platinum counter electrode. Values are accurate to *30 mV and 
are referenced to the normal hydrogen electrode. 
Rates of Reduction by Rat DT Diaphorase. Reduction by 

highly purified DT diaphorase (NAD(P)H:quinone oxido- 
reductase) from Walker cells39 was assessed by monitoring loss 
of parent compound by HPLC. The activity of the enzyme was 

NH3,148.31 (G5), 140.08 (G2), 138.84 (Gl),  138.20 (C-4), 124.94, 

CHZNCO); '9C NMR b 165.22 (CON), 149.34 (C-5), 13988,137.00 
(C-2,4), 138.26 (C-l), 125.59, 121.17 (C-3,6), 66.92,66.79 (CHZO), 

Anal. (Ci3HiJ&) C, H, N. 

C12NbOpHCl) C, H, N. 

Palmer et  al. 

determined to be 22 pkatlmg at 37 OC in 0.1 M sodium phosphate 
buffer using 10 p M  menadione aa substrate and 70 pM cytochrome 
C (em = 29 500 M-' m-l) as terminal electron accsptor. The drugs 
(0.15 mM) were incubated with enzyme (100 pg/mL) and NADH 
(1 mM) in 0.1 M sodium phosphate buffer at 37 OC under aerobic 
conditions in reaction volumes of 0.4 mL. At intervals aliquota 
(0.06 mL) were diluted into 25% MeOH (0.2 mL), fnnen, thawed, 
centrifuged, and analyzed using a C18 pBondapak column (8 X 
100 mm) and a mobile phase comprising a linear gradient of 
2550% MeOH (23) or *80% MeOH (20) in water. The elute 
was monitored using a diode array absorbance detector (Hew- 
lettpackard 1040A) at 298 nm (bandwidth 10 nm) for 23 and 380 
nm (bandwidth 20 nm) for 20. 

Cell Culture. AA8 and UV4 cells were maintained in expo- 
nential phase growth (doubling times 14 and 15 h, respectively) 
using Alpha MEM containing fetal calf serum (10% v/v) without 
antibiotics. Cella were subcultured twice weekly by tqpainization. 
Cultures were regularly shown to be free of mycoplasma con- 
tamination by fluorescence staining for cytoplasmic DNA.6 Bulk 
cultures were prepared for experiments by seeding cella in spinner 
flasks at lo4 cells/mL in the above medium with addition of 
penicillin (100 IU/mL) and streptomycin (100 pg/mL). 

Measurement of Cytotoxicity. Growth Inhibition Assay. 
Cultures were initiated in %well microtiter trays to give 200 (AA8) 
or 300 (UV4) cells in 0.05 mL per well. After growth in a CO2 
incubator for 24 h, drugs were added in culture medium, using 
serial 2-fold dilutions to provide duplicate cultures at five different 
concentrations for each of eight drugs (plus eight controls) per 
tray. After 18 h drugs were removed by washing cultures three 
times with fresh medium, and the trays were incubated for a 
further 78 h. Cell density was then determined by staining with 
methylene blue as described previoudy.n The ICso was calculated 
as the drug concentration providing 50% inhibition of growth 
relative to the controls. 

Stirred Suspension Culture ASMY. Clonogenic assays with 
magnetically-stirred 10-mL suspension cultures (late log phase 
UV4 cells, 106/mL) were performed by removing samples peri- 
odically during continuous gassing with 5% C02 in air or Nz as 
detailed elsewhere.1° Both cell suspensions and drug solutions 
in growth medium were preequilibrated under the appropriate 
gas phase for 60 min prior to mising to ensure essentially complete 
anoxia throughout the period of drug contact in hypoxic cultures. 
Several drug concentrations were investigated to identify those 
concentrations which gave, under both aerobic and hypoxic 
conditions, approximately the same rate of cell kill. The ratios 
of the concentration x time for a surviving fraction of 10% (CTld 
for thew two survival curvea was used as the measure of hypoxic 
selectivity. 
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